Chikungunya virus (CHIKV) has caused several major epidemics globally over the last two decades and is quickly expanding into new areas. Although this mosquito-borne disease is self-limiting and is not associated with high mortality, it can lead to severe, chronic and disabling arthritis, thereby posing a heavy burden to healthcare systems. The two main vectors for CHIKV are Aedes aegypti and Aedes albopictus (Asian tiger mosquito); however, many other mosquito species have been described as competent CHIKV vectors in scientific literature. With climate change, globalization and unfettered urban planning affecting many areas, CHIKV poses a significant public health risk to many countries. A scoping review was conducted to collate and categorize all pertinent information gleaned from published scientific literature on a priori defined aspects of CHIKV and its competent vectors. After developing a sensitive and specific search algorithm for the research question, seven databases were searched and data was extracted from 1920 relevant articles. Results show that CHIKV research is reported predominantly in areas after major epidemics have occurred. There has been an upsurge in CHIKV publications since 2011, especially after first reports of CHIKV emergence in the Americas. A list of hosts and vectors that could potentially be involved in the sylvatic and urban transmission cycles of CHIKV has been compiled in this scoping review. In addition, a repository of CHIKV mutations associated with evolutionary fitness and adaptation has been created by compiling and characterizing these genetic variants as reported in scientific literature.
Introduction
Chikungunya disease is caused by chikungunya virus (CHIKV), a mosquito-borne alphavirus belonging to the family Togaviridae. The virus was first isolated from a patient in Tanzania during an outbreak of a dengue-like illness that had been circulating in that area between 1952 and 1953. Frequent descriptions of this illness had been reported in earlier years in other parts of Africa, including Mozambique [1] . The virus got its name from a word in the local dialect of the Makonde area in Tanzania and is literally translated as "bent over in pain" [2] , describing a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 the stooped posture of many chikungunya afflicted patients due to severe joint pains and arthralgias, both hallmark features of the disease. The proportion of asymptomatic CHIKV infections during epidemics has been reported to be between 3 to 28% [3] [4] [5] . Together with severe joint pain, patients typically exhibit febrile exanthema with a saddleback fever pattern, symptoms also seen with Dengue virus (DENV) and Zika virus (ZIKV) infections [6] . This makes CHIKV diagnosis difficult, particularly since there are many reports of co-circulating CHIKV, DENV and ZIKV in many areas with co-infected patients [7] [8] [9] [10] [11] [12] [13] [14] .
CHIKV is an enveloped, positive strand RNA virus with a genome usually a little less than 12000 nucleotides. Its genome consists of five structural proteins; E1, E2, E3, C (Capsid protein), 6K, and four non-structural proteins; non-structural proteins 1 (nsP1), 2 (nsP2), 3 (nsP3) and 4 (nsP4) [15] [16] . Evolutionary studies on the virus provide evidence that the West African lineage of CHIKV originated in Africa and subsequently moved into Asia where it evolved into a distinct Asian lineage. The CHIKV isolate from the epidemic in Reunion Island in 2005 showed that the virus evolved into the East/Central/South African (ECSA) lineage with more recent Indian Ocean strains forming an Indian Ocean sub-lineage within ECSA [17] [18] [19] [20] . The large chikungunya epidemic in Brazil that started in late 2013 was reported to be the outcome of two separate introductions of two individual CHIKV lineages; Asian and ECSA [21] [22] [23] .
CHIKV is maintained in a sylvatic cycle involving wild primates and arboreal mosquitoes in Africa, and a mosquito to (and from) human urban cycle in countries with human epidemics [24] . The urban cycle of CHIKV has been responsible for several large CHIKV epidemics in countries spanning many continents. During the 2005-2006 epidemics in the Indian Ocean Islands and India, more than a third of the population in Reunion Island were infected with CHIKV (34.3%) resulting in many severe clinical cases, while case-fatality rates of 4.5% and 4.9% were reported in Mauritius and India respectively [25] [26] . There have been sweeping epidemics throughout Asia for a number of years following the Indian Ocean Islands epidemics [27] [28] [29] . In late 2013, CHIKV emerged in the Caribbean for the first time and caused an epidemic in St. Martin, followed by its expansion into other islands in close proximity [30] [31] [32] [33] . Around the same time, CHIKV also spread across South and Central America causing major epidemics throughout the region where competent vectors were already established.
The two main competent vectors of CHIKV are considered to be Aedes aegypti and Aedes albopictus, although the virus has been isolated from other mosquitoes [34] [35] [36] . Ae. aegypti mosquitoes thrive in tropical and arid areas but cannot withstand cool temperatures. These mosquitoes were responsible for all the recorded CHIKV epidemics until the Indian Ocean Islands epidemic in 2005-2006 when a point mutation occurred in the outer membrane E1 glycoprotein of CHIKV, causing an amino acid change with an Alanine to Valine substitution at position 226 [37] . This variant offered Ae. albopictus the propensity to emerge as a highly competent CHIKV vector with enhanced transmission capability [37] [38] . Ae. albopictus mosquitoes are highly invasive and have successfully established populations in temperate climates [39] [40] [41] . With climate change, there is a strong concern that these vectors will expand into new areas.
A scoping review (ScR) on CHIKV and its competent vectors was conducted to identify, characterize, categorize, and elucidate global evidence from published research on this topic. The product of this ScR is a comprehensive report of the evidence and knowledge gaps that exist on this important emerging public health issue. A ScR utilizes reproducible, systematic and rigorous knowledge synthesis methodology to identify and summarize the extent and range of knowledge on a particular topic or issue [42] [43] [44] . Results generated from this ScR can inform policy-makers, as well as the scientific community, and facilitate decision-making on mitigation of chikungunya and/or CHIKV competent vectors.
(CINAHL), Centre for Agriculture and Biosciences International (CABI), Literatura Latino Americana em Ciências da Saúde (LILACS), Agricola and Cochrane library. The update was conducted to include more recent studies from Central and South America due to the recent emergence of chikungunya in those regions. To verify that our search algorithm had an optimal degree of sensitivity to capture all relevant articles pertaining to our research question, we hand-searched reference lists from 10 relevant narrative reviews for missed citations [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] . The grey literature search was conducted in October 2015 and included targeted, iterative hand searching of 22 government and/or research organization websites that were suggested during the expert consultation and are listed in S1 Protocol. Twenty two additional citations were added to the review from the grey literature search.
Inclusion/Exclusion criteria. Articles included in this ScR reported primary data that were generated by the authors, or through reliable government and/or research organizations. Included articles had to be relevant to one or more aspects of the review question: i.e., information on CHIKV and chikungunya disease, competence parameters of CHIKV vectors, or control of CHIKV vectors. Articles in languages other than English, French, Spanish or Portuguese were excluded due to limited translation resources. Documents without primary data, such as whole conference proceedings, books, literature reviews, systematic reviews, metaanalyses and some types of grey literature were also excluded from the review.
Relevance screening and data characterization. Relevance screening was conducted in two stages. The first screening tool comprised of two questions to determine whether the citation could potentially be relevant to the review based on the title and abstract. We erred on the side of inclusiveness by including citations whenever their relevance remained unclear. Fulltext articles of citations that passed through the first relevance screening stage were procured and assigned to a second level of relevance screening. The purpose of this step was to exclude articles after full text assessment, so that only relevant articles in full alignment with the research question remained for further characterization. At the second level of relevance screening, articles were excluded after full text assessment if they did not report on: 1) the impact of CHIKV on humans, hosts or vectors, 2) CHIKV studies including phylogeny and molecular characterization of genetic determinants for fitness and other evolutionary markers, CHIKV pathogenesis and infection mechanisms, 3) mitigation strategies to prevent and control CHIKV infections including strategies for CHIKV vector prevention and control, 4) clinical aspects of CHIKV infection and risk factors contributing to such infections, and 5) vector competence parameters-both behavioural and physiologic, as well as environmental factors associated with CHIKV transmission, 6) economic burden of chikungunya disease, or 7) modeling studies on chikungunya or CHIKV vectors. Articles that did not meet the inclusion criteria for language and primary data were also excluded at this stage. For articles that met the inclusion criteria, questions were answered at this level to broadly categorize articles by publication period, study location, study population (stratified as human and non-human hosts, vectors and/or virus) and research focus. This stage in the ScR process allowed us to gauge the quantity and breadth of research within the different focus areas and ensure that the data characterization and utility (DCU) tool would adequately capture relevant data from all studies.
The third stage of the ScR was data characterization of all relevant articles using the DCU tool; S1 Protocol. Questions included general information on when and where the research was conducted, the study population and genotype of CHIKV. The research focus area(s) was selected at this step and reviewers could access a unique set of questions tailored to each focus area, which aided in efficient characterization of the research. In vitro studies examining pathogenesis and/or immunomodulatory mechanisms associated with CHIKV infection in hosts and vectors were identified at the second stage of screening; however, due to the large number of articles on this single focus area, these studies were not characterized in detail at the third stage of the ScR as this was logistically unfeasible for completion within a reasonable timeframe.
Review management. All citations captured using the search algorithm were imported from the bibliographic databases to RefWorks (ProQuest, LLC), an online citation management program. The citation database was de-duplicated so that only unique citations remained. The citations were then imported into an online systematic review software, Distiller SR (Evidence Partners, Ottawa, Canada), which is specifically designed to manage all aspects of scoping reviews. All stages of the ScR were conducted by two reviewers working independently using the a priori developed data collection tools within Distiller SR. All forms were pre-tested by all reviewers to confirm reproducibility, clarity and consistency between reviewers on each form. Reviewers pre-tested the Relevance Screening Level 1 (RS1) form with 36 citations, the Relevance Screening Level 2 (RS2) form was pre-tested with ten articles and the Data Extraction and Utility (DCU) form was pre-tested on ten articles representing all the main focus areas of the review question, (kappa >0.8); S1 Protocol. After pre-testing, any necessary adjustments were made to the forms to improve clarity and consistency between reviewers. Any discrepancies on extracted data between reviewers were resolved by consensus, or with the help of a third reviewer. The completed dataset was exported into Microsoft Excel for data cleaning, categorization, descriptive analysis and charting.
Results
From 6815 unique citations captured by the search, 3422 potentially relevant articles were procured and 2326 were considered primary research relevant to the research question (Fig 1) . Four percent (148/3422) of potentially relevant articles were excluded from the review on the basis of language: 57 Chinese, 23 German, 20 Russian, 14 Japanese, 9 Italian, 6 Dutch, 4 Croatian, 3 Danish, 3 Norwegian, 2 Czech, 1 Romanian, 1 Polish, 1 Turkish, 1 Malay, 1 Korean, 1 Thai, and 1 Albanian. We were unable to procure 15 articles despite contacting the authors. Additionally, 74 citations were excluded that were either correspondence or abstracts referencing articles that we were unable to procure or review.
The focus area researched most extensively was epidemiology of chikungunya related to hosts and vectors, with a total of 912/2326 (39%) studies. A little over one third of the articles (764/2326; 33%) reported on signs, symptoms and diagnosis of CHIKV in humans. Treatment for chikungunya in humans was reported in 283/2326 (12%) studies, and mitigation strategies against CHIKV in both humans and vectors comprised 323/2326 (14%) studies. There were 410/2326 (18%) vector studies with relevance to vector competence for transmitting CHIKV and vector behavioural characteristics, while 256/2326 (11%) studies examined phylogeny and signature evolutionary mutations of CHIKV. Also included were 208/2326 (9%) studies describing surveillance programs for CHIKV in humans, other hosts and vectors. The accuracy of CHIKV diagnostic tests was evaluated in 167/2326 (7%) studies. Research areas with fewer studies included modeling studies with relevance to CHIKV and/or its vectors; 103/2326 (4%), social impact examining knowledge, attitudes and perceptions of chikungunya in various target human populations in 46/2326 (2%) studies, and 23/2326 (1%) studies on the economic burden of chikungunya. There were 406/2326 (17%) pathogenesis studies on pathways or mechanisms at the cellular level and detailed study characterization (DCU) was not conducted on these studies. Many studies reported on multiple focus areas. Table 1 is a heat chart of the number of studies in each major and minor focus area by study population category and is referenced throughout the manuscript to aid the reader in tracking the quantity of research underpinning different areas of chikungunya research. This ScR focuses on the detailed characteristics of the 1510 /2326 (65%) articles on vertebrate hosts for CHIKV, while only high level category information is presented for 406/2326 (17%) articles on pathogenesis and immunity related pathways of CHIKV infection. Results from CHIKV vector studies (410/2326; 18%) on important competence and behavioural vector characteristics will be summarized in a subsequent article.
Publications by continent and time
Generally, interest in CHIKV research increased in regions soon after they were affected by epidemics (Fig 2) . The majority of research has been conducted since 2000 across Asia, North America, Europe and the Indian Ocean Islands. Many of the articles that reported on the major CHIKV epidemic in Reunion Island and other nearby Indian Ocean Islands during 2005-2006 were published by authors in both France and the affected islands. There were [62] [63] [64] [65] . A repository of these mutations has been created from results gathered in this ScR; S1 Table. Diagnostic testing for CHIKV. Data were captured from three types of testing for CHIKV, predominantly in humans (687/2326; 30%), to: 1) diagnose active CHIKV infection in patients, 2) screen sample populations of hosts for antibodies to CHIKV to detect prior exposure and 3) studies related to the evaluation of the performance of diagnostic tests; Table 1 . Results show that 126/687 (18%) studies reported the use of clinical signs and symptoms alone for diagnosis, mostly in resource limited countries with large ongoing epidemics. CHIKV diagnosis in humans reported in the earliest research was conducted by using a Saliva was found to be useful in molecular testing only for a week post symptom onset and was reported to be less sensitive than blood samples in one study [69] . Another study reported identifying viable virus in urine and semen samples even up to 30 days post infection [74] .
Co-morbidity

Chikungunya virus
There were 167/2326 (7%) studies on determining the accuracy of CHIKV tests by comparing the sensitivity and specificity of one or more tests; Epidemiological studies on potential sylvatic hosts for CHIKV. The potential contribution of non-human vertebrate hosts towards sylvatic transmission of CHIKV was investigated in 12 observational studies (Table 1 ) with 11/12 (92%) articles on NHPs, 3/12 (25%) on domestic and farm animals, 1/12 (8%) on wild birds, and 4/12 (33%) on non-primate wild animals and reptiles. Sylvatic transmission has only been reported in Africa where early studies implicated primates, rodents and bats as possible sylvatic hosts; Table 2 . Outside Africa, a few surveys have provided some evidence for a number of monkey species, small rodents and bats to possibly play a role as sylvatic hosts for CHIKV; Table 2 .
Transmission of CHIKV in non-human vertebrate hosts. Very few studies have been conducted outside Africa to investigate sylvatic transmission, but evidence from Africa has shown cyclic surges in CHIKV circulating among arboreal mosquitoes and vertebrate host populations [81] . A study on sylvatic transmission of CHIKV among Bornean orangutans was inconclusive as there was no evidence for CHIKV infection in the orangutans or humans from the local areas [82] . One experimental study demonstrated that genetically modified mice with deficiencies in their type 1 interferon response (IRF3/7-/-) were able to transmit CHIKV mouse-to-mouse without an arthropod vector. In addition, results from the same study showed that saliva from several infected monkeys was positive for the presence of viral RNA and infectious virus, which could potentially lead to CHIKV transmission without a vector [67] .
The observational studies above provide data on possible sylvatic hosts and the ecology of CHIKV within the studied areas. Many experimental studies were conducted to understand the potential contribution of diverse non-human vertebrate hosts to CHIKV transmission by investigating the susceptibility of these hosts to the virus. A susceptible vertebrate host in these studies is defined as an animal that exhibits symptoms of CHIKV infection and/or detectible levels of viremia within the experimental host. There were 20 studies that looked at several NHP species and other vertebrate hosts listed in Table 3 . General observations included higher susceptibility in infant mice, chicks, rats and rabbits, although this was not consistent across all studies. Several studies demonstrated that a number of NHP species, some rodents and bats were susceptible to CHIKV infection, while most wild birds, domestic and farm animals and adult experimental rodents were not susceptible hosts.
CHIKV in humans
Chikungunya in humans was studied in 1159/2326 (50%) articles: 1040 observational and 49 experimental studies. The experimental studies comprised 3/49 (6%) challenge trials for potential vaccine candidates. Of the controlled trials (17/49; 35%), four studied vaccination in humans. All vaccination studies were at the experimental or trial stages. The efficacy of drugs to treat chikungunya symptoms was assessed in 3/17 (18%) controlled trial studies in humans. Other controlled trials included in vitro studies using human blood cells from volunteers to assess potential antiviral or vaccine candidates (11/17; 65%). Epidemiology and surveillance in humans. There were 126/208 (61%) surveillance articles reporting on CHIKV in humans (Table 1) , including 36/126 (29%) articles on travelrelated syndromic surveillance and 2/126 (2%) articles on surveillance for CHIKV in the blood donor system. Active surveillance for CHIKV in humans during epidemics was reported in 26/126 (21%) studies, often in a hospital or tertiary care setting. Some results originated from resource limited countries where large epidemics were occurring and the surveillance protocol involved public health staff going door-to-door in impoverished neighbourhoods to identify CHIKV cases [106] [107] [108] . Monitoring programs in epidemic settings were reported in 6/126 (5%) human surveillance studies. These were systematic and purposeful programs mainly focussed on collecting numbers of chikungunya patients without a rigid action plan. Passive surveillance, mainly syndromic surveillance for CHIKV during epidemics was reported in 14/ 126 (11%) articles where data on chikungunya patients were collected in a hospital or other healthcare setting. In non-epidemic settings, there were 43/126 (34%) active surveillance articles for CHIKV in humans, 17/126 (13%) articles on monitoring programs, and 57/126 (45%) articles on passive surveillance. Most of the epidemiological studies were on humans (848/912; 93%); Table 1 . These included 117/848 (14%) epidemic investigations and 242/848 (29%) prevalence surveys. Human CHIKV prevalence results representing the burden of CHIKV during epidemics were reported in 16/242 (6.6%) studies, while 134/242 (55%) studies investigated the presence of antibodies against CHIKV in populations after an epidemic. Incidence was reported in 51/848 (6%) studies with 12/848 (1%) studies reporting CHIKV incidence during epidemics, while attack rates were reported in 31/848 (4%) studies soon after the epidemic. CHIKV related mortality was reported in 36/848 (4%) studies and in many cases death was associated with a pre-existing chronic morbidity [109] [110] . The viremic period for CHIKV infection was reported in 30 studies and ranged from the first day of illness to 23 days (one report of prolonged viremia in a pediatric case detected at day 23 of illness [111] . The intrinsic incubation period reported in 13 studies also varied between studies and ranged from two to twelve days. One study reported evidence of possible sequential CHIKV infection [112] .
Risk factors for developing chikungunya infection in humans were investigated in 345 studies. Landscape associated risk factors were reported in 100/345 (29%) studies with variables such as coastal (8/100), inland (3/100), elevated (5/100), urban (24/100), suburban or peri-urban (8/100), rural (21/100), farm or agricultural land (3/100), forest (5/100), parks (2/100), private gardens (7/100) and type of dwelling (19/100) investigated. Climatic indices as risk factors were investigated in 75/345 (22%) studies with precipitation (28/75; 37%), season (34/75; 45%) and temperature (9/75; 12%) predominantly studied. Other risk factors studied were occupation (26/345; 8%), outdoor recreational activities (4/345; 1%), storage of tires (4/345; 1%) and stagnant water on property, in containers, vases and flower pots (23/345; 7%). Travel to and from endemic areas was reported as a risk factor in 215/345 (62%) studies. Chikungunya incidence was reported to be highest in individuals aged 55-64 years and lowest in the 0-14 age group [ [92, [126] [127] . These results depict the spread of CHIKV over time, either as an emerging pathogen in a new area, or a re-emerging public health risk in previously affected regions.
Travel-related chikungunya. There were 215/1159 (19%) articles reporting travel-related CHIKV infections; Table 1 . These results included 74/215 (34%) studies where travelers acquired their infections during travel to endemic countries, while 81/215 (38%) studies reported that travelers developed clinical symptoms days after returning to their home countries from a chikungunya endemic country where they were exposed to the virus. Of the travel-related studies, 29/215 (13%) studied prevalence of chikungunya infection among travelers. [190] [191] [192] 2008, 2009 (multiple clusters) [193] Asia Malaysia 2008 [194] Asia Thailand 2008 [195] [196] [197] 2009 [198] Asia India 2010
[106], [199] [200] [201] Africa Gabon 2010 [202] [203] Asia China 2010 [204] [205] [206] Indian Ocean Islands Reunion Island 2010 [207] [208] Table. Sequelae following CHIKV infection in humans. There were 239/764 (21%) articles describing long term sequelae associated with CHIKV; Table 1 . Persistent post-infection morbidities included tendinitis (5/239; 2%), synovitis (14/239; 6%), balance disorders (1/239; 0.4%), and tunnel syndromes (11/239; 5%). There were 9/239 (4%) articles that reported Guillaine-Barré Syndrome (GBS) associated with chikungunya infection. Other long term complications reported were chronic arthritis (163/239; 68%), neurological disorders such as encephalopathies (18/239; 8%), acute disseminated encephalomyelitis (ADEM) (5/239; 2%), and ocular disorders (17/239; 7%). These post-chikungunya long term sequelae were reported to last from a few months to several years. A recent study suggests that hyperferritinemia may be a potential marker of chronic chikungunya disease [257] .
Co-infections with CHIKV in humans. Chikungunya co-infections with either single or multiple co-infecting pathogens were reported in the literature. There were 109/1159 (9%) articles reporting co-infections with chikungunya: dengue (77/109; 71%), malaria (13/109, 12%) and zika (9/109; 8%); Table 1 . There were four articles from the Americas that reported triple concurrent co-infections with CHIKV, DENV and ZIKV, all viruses that are transmitted by the same vectors [9, 14, [258] [259] . Other co-infections reported with CHIKV were Japanese Encephalitis, West Nile Virus, Tuberculosis, Human Immunodeficiency Virus (HIV), Leptospirosis, Yellow Fever, Klebsiella pneumoniae and Pseudomonas aeruginosa. A complete list of co-infections reported with CHIKV is compiled in S5 Table. 
Treatment for chikungunya infections in humans
Chikungunya disease is generally managed through supportive treatment and treatment strategies were reported in 283/2326 (12%) studies. Prescribed analgesics and anti-pyretics were reported in 87/283 (31%) studies, non-steroidal anti-inflammatory drugs (NSAIDs) in 80/283 (28%) studies and steroids in 70/283 (25%) studies; Table 1 . Antibiotics were prescribed as treatment for chikungunya in 30/283 (11%) studies. There were 7/283 (2%) studies that described the use of antiviral drugs for chikungunya treatment and 29/283 (10%) studies described using an anti-malarial agent such as hydroxychloroquine to treat chikungunya symptoms. A randomized controlled trial examining the effectiveness of chloroquine to treat chikungunya concluded that there is no justification for its use during the acute stage of the illness [260] . Physical therapy or acupuncture were prescribed in 9/283 (3%) studies and 14/ 283 (5%) studies described the use of traditional medicine for treating chikungunya and its symptoms. The efficacy of plant-based drugs (19 studies), NSAIDs (17 studies), corticosteroids (19 studies), antivirals (17 studies) chloroquines (12 studies) and traditional medicines (8 studies) for treating acute and chronic symptoms of chikungunya was assessed in experimental studies.
CHIKV transmission in humans. All the major epidemics reported in Table 4 were due to the CHIKV urban transmission cycle where the virus is reported to be maintained between humans and Ae. aegypti and Ae. albopictus mosquitoes in tropical and sub-tropical regions of the world. Other potential modes of CHIKV transmission have been reported, including human exposure through infected blood transfusions (2/1159; 0.2%), or needle pricks with infected blood (3/1159; 0.3%); Table 1 . Accidental CHIKV transmission was reported in three articles; two in laboratory staff working with infected mosquitoes [261] [262] , and one report of an infected nurse who was potentially exposed while drawing blood from an infected patient [263] . No studies investigated human sexual transmission of CHIKV as is frequently reported for ZIKV. One study found evidence of CHIKV transmission through corneal grafts and the authors propose banning cornea donations in CHIKV endemic areas [66] .
Several studies (49/1159; 4%) reported mother-to-child or vertical transmission of CHIKV and many investigated fetal outcomes in neonates infected in utero or post partum; S6 Table. Pregnant women and neonates were the study subjects in 34/49 (69%) studies, while 13/49 (27%) studies reported on neonates alone. The impact of congenital CHIKV infection in neonates was reported in 16/49 (33%) studies and 6/49 (12%) studies investigated pregnancy outcomes due to CHIKV infection [5, [264] [265] [266] [267] . One article recommended close monitoring of viremic pregnant mothers in maternity units. The same study reported that 12% of newborns are symptomatic, with many neonates requiring prolonged or intensive care due to complications such as meningoencephalits and intravascular coagulation [265] .
Public knowledge, attitudes and perceptions of chikungunya disease and CHIKV vectors
Knowledge, attitudes and perceptions about CHIKV, mosquito-borne diseases and their prevention were investigated in 46/2326 (2%) cross-sectional articles; Table 1 . Articles on attitudes and perceptions to chikungunya disease focused on concerns about toxic or environmental effects of chemical control measures (3/46; 7%), perception about the severity and risks associated with chikungunya disease (16/46; 35%), and perception on the efficacy of various protective measures (13/46; 28%). Several studies evaluated knowledge on chikungunya disease (29/ 46; 63%), CHIKV vectors (27/46; 59%) and behavioral mitigation practices for CHIKV (33/46; 72%). A single study examined willingness to pay for protection against CHIKV [268] .
Economic burden of CHIKV
A total of 23/2326 (1%) studies investigated the economic burden of CHIKV, of which 19/23 (83%%) studied the economic burden of chikungunya disease in humans, 3/23 (13%) examined the cost-benefit of implemented vector control measures during epidemics and 1/23 (4%) reported the cost effectiveness of interventions to prevent the transmission of CHIKV through blood transfusions in Canada; Table 1, S7 Table. Publications on the economic burden due to CHIKV were predominantly from countries impacted by major epidemics and used data collected from surveillance during epidemics to estimate costs [122, 182, [269] [270] [271] . The epidemics from these areas were reported to have high attack rates, case fatalities and many severe long term sequelae, posing a burden to healthcare systems. All but one study were published after 2005; S7 Table. The 1980 study from Fiji calculated the cost effectiveness of vector control mitigation strategies in general [272] .
Mitigation strategies to prevent and control CHIKV and its vectors
A total of 323/2326 (14%) articles reported on mitigation or prevention and control strategies for CHIKV, mainly focusing on vaccination against CHIKV (78/323; 24%), personal protective measures (79/323; 25%), the use of insecticides (156/323; 48%), public education (48/323; 15%), quarantine of infected individuals (5/323; 2%) and biological control of mosquitoes (51/323; 16%); Table 1 .
Vaccination: There were 78 studies evaluating potential vaccine candidates. Twenty-one included in vitro experiments, 42 used laboratory animals (mice and rabbits), seven used nonhuman primates and eight reported results from testing the potential vaccine on humans; Table 1 . There was no validated and approved ready-to-use vaccine against chikungunya for humans identified from our data analyses. However, there were articles on two potential vaccine candidates. One demonstrated complete immunity against CHIKV in mice and NHPs [273] , while the other, a novel live-attenuated vaccine candidate, has undergone a phase II clinical trial and is suggested as an option for emergency CHIKV vaccinations, in addition to being a potential vaccine candidate that can be further developed [274] .
Behavioral protective measures: The 79/323 articles on personal protective measures included using insect repellant (38 articles), wearing full coverage clothing that prevents mosquito access to skin while outdoors (8 articles), using mosquito bed nets and window screens (36 articles), avoiding practices that lead to collecting stagnant water and removing suitable vector habitats, such as emptying pots, containers or tires (64 articles). The use of many of the protective interventions were evaluated before and/or after an education program to teach the general public or targeted population group about CHIKV (12 articles), personal and/or behavioral protective measures (7 articles), insecticides (5 articles) or all three aforementioned categories of measures (22 articles). Study designs varied from quasi-experiments and crosssectional studies to predictive models of the various protective measures. Few articles report data on the effectiveness of personal protection interventions (38/79, 48%).
Insecticidal use: Insecticide use to control CHIKV vector populations was reported in 156/ 323 (48%) articles. Ten used a targeted ovicide (10/156; 6%),105/156 (67%) used a larvicide and 49/156 (31%) used an adulticide. Of all the articles reporting on insecticidal use, 24/156 (15%) articles evaluated the insecticide for its efficacy at the community level, while the remaining investigated plant extracts and other compounds experimentally for their efficacy as a potential insecticide. Two articles described the use of lethal ovitraps as a successful mitigation strategy against CHIKV vectors [275] [276] . The use of larvivorous fish, beetles, nematodes or other copepods as a vector mitigation strategy was reported in 7/323 (2%) studies [277] [278] [279] [280] [281] [282] [283] .
Biological control strategies:
There were 51/323 (16%) articles describing biologic control of vectors as a mitigation strategy against CHIKV. Of these, 7/51 (14%) reported on Sterile Insect Technology (SIT), 14/51 (27%) were on Incompatible Insect Technique (IIT or Cytoplasmic incompatibility) and 2/51 (2%) articles described Release of Insects with Dominant Lethal mosquitoes (RIDL) as an effective strategy to mitigate CHIKV transmission through vectors. Infection of mosquito vectors with bacteria for controlling or reducing CHIKV replication was reported in 23/51 (45%) studies, with 12/51 (24%) studies examining the efficacy of Wolbachia and 11/51 (22%) investigating the role of Bacillus thuringiensis for effective control of CHIKV transmission through CHIKV carrying vectors. One study investigated silver particles synthesized by the fungus Trichoderma atroviride as a potential nanolarvicide against Ae. aegypti larvae and found this to be a very effective strategy for killing the larvae [284] .
Modeling studies
There were 103/2326 (4%) modeling studies including quantitative risk assessment articles on chikungunya disease or competent CHIKV vectors. Exposure to CHIKV, illness, or costs attributed to chikungunya disease in humans was the outcome modeled in 58/103 (56%) articles, 1/103 (1%) article modeled CHIKV spread through birds [285] , while 70/103 (68%) modeled CHIKV vectors; mainly Ae. aegypti, Ae. albopictus, or both. Of these, 40/103 (39%) were spatio-temporal models, 48/103 (47%) were temporal models without a spatial component, 8/ 103 (8%) were spatial models without a time component and 7/103 (7%) models did not incorporate time or space. There were 9/103 (9%) risk assessment models estimating reproductive numbers or the magnitude of the threat posed by CHIKV to the general population. Modeling results were relevant to North America (Canada, USA and Mexico) (10/103, 10%), Central/ South America and the Caribbean (15/103, 15%), Africa (3/103, 3%), Europe (21/103, 20%), Asia (17/103, 17%), Australia and New Zealand (2/103, 2%), Oceania (2/103, 2%) and Reunion Island (15/103, 15%). We reviewed 27/103 (26%) modeling articles that were general transmission models applicable to any region. Studies also included those that predicted an outcome, such as number of cases, incidence or prevalence rates (69/103, 67%), generated a better understanding of disease transmission (41/103, 40%), evaluation of mitigation measures or programs (28/103, 27%), or evaluation of the economic burden of CHIKV outbreaks (6/103, 6%). Other studies included travel associated importation models (11/103; 11%), models assessing risk through blood donation (9/103; 9%) and a single model on spread of CHIKV through transportation of cargo (1/103; 1%). Many modeling studies generated results that fell under more than one of the above mentioned categories.
Discussion
Although CHIKV was first isolated in 1953, it is postulated that some epidemics dating back to the eighteenth century could have been caused by CHIKV and had been incorrectly attributed to DENV [134, 286] . Our chronological analysis of published CHIKV epidemic reports depicts the emergence and re-emergence of CHIKV across continents over time. A single mutation in the viral genome of CHIKV resulted in advantageous changes to the virus by increasing its fitness and ability to adapt to Ae. albopictus, a new vector that is more tolerant to cold temperature, subsequently changing the global distribution and risk profile of CHIKV [19] .
Transmission
Many studies report sylvatic transmission in Africa, where the virus is thought to be maintained by circulating between NHPs, rodents, reptiles and bats, with arboreal mosquitoes as vectors in the sylvatic cycle [24] , however, there is limited research on sylvatic transmission outside Africa. While the urban transmission cycle between humans and mosquitoes is well understood, sylvatic cycles in areas outside Africa likely exist and may not be elucidated at the present time. Due to the hypermutability of CHIKV, it is conceivable that the virus could have adapted to new hosts and vectors in areas where CHIKV has expanded recently, thereby introducing a substantial risk for CHIKV to initiate a sylvatic cycle in the Americas [287] . A knowledge gap exists in our full understanding of vertebrate hosts that may contribute to the sylvatic transmission cycle and maintenance of CHIKV in endemic areas. Future research can focus on filling current knowledge gaps that could facilitate a better understanding of the roles of various hosts and vectors in CHIKV transmission cycles contributing to the spread, emergence and maintenance of CHIKV globally, as this knowledge is important for developing effective mitigation strategies and more accurate risk analyses.
Vertical transmission of CHIKV was observed in humans [146, 149, 244, 288] . The impact of intra-uterine CHIKV infection on the fetus and neonates is not clearly understood with conflicting results from several studies. One study looked at dizygous twins born to a mother infected during pregnancy and reported one healthy neonate, while the other twin was severely ill due to congenitally acquired chikungunya [267] . Another study examining outcomes of CHIKV infection to the fetus during each trimester of pregnancy until post-partum reported vertical transmission in all three trimesters, with more serious outcomes to neonates when mothers were viremic at delivery [289] . It is important to keep in mind that vertical transmission of chikungunya in an asymptomatic infected mother or neonate can also trigger a cluster of cases among pregnant women or new mothers and neonates in maternity units. A single case of microcephaly in a neonate born to a mother with gestational chikungunya infection has been described [290] . Microcephaly is believed to be an outcome associated with ZIKV infections [291] . We acknowledge that this could be a coincidental finding, but CHIKV associated microcephaly certainly warrants future research given that CHIKV and ZIKV co-circulate in many regions. There has been no research on sexual transmission of CHIKV, despite evidence for this with ZIKV. Interestingly, viable CHIKV has been isolated from an individual's semen and urine sample up to 30 days post-infection [74] and one study provided experimental evidence for the presence of infectious CHIKV in human saliva [67] , so the possibility of sexual transmission of CHIKV in humans needs to be clearly elucidated.
The risk of viremic travelers importing CHIKV into non-endemic regions with competent vectors is quite high, as highlighted by locally transmitted epidemics in France [230] [231] ; Italy [182] [183] and many more recent travel-related importations into the Americas [54, 59] . In non-endemic areas where CHIKV vectors are present, it is important for public health authorities and physicians to be aware of chikungunya disease and the possible epidemic risks associated with the importation of the virus into new areas through viremic travelers. Large epidemics are costly but can be controlled with proper prevention and control strategies such as personal protection against vectors and vector mitigation.
CHIKV diagnostics
Although there are diagnostic tests to confirm clinical diagnosis, there is evidence for antigenic cross reactivity between CHIKV and other alphaviruses [292] [293] . A rapid, field-ready and cost effective gold standard diagnostic test with high sensitivity and specificity for CHIKV has not been reported in the literature and would be useful, especially in resource limited settings. A wide array of samples have been successfully tested for CHIKV using currently available tests. While the most common sample was blood, others included corneas and minimally invasive samples such as urine and semen [74] .
Pre-existing risk factors for developing chronic sequelae
Although chikungunya is a self-limiting disease, it can result in long term sequelae, most often resulting in chronic arthritis. Researchers have postulated that pre-existing morbidities can predispose an individual to more severe chikungunya disease and chronic sequelae post-CHIKV infection [110] and that initial clinical manifestation of CHIKV illness can predict progression to chronic arthritis [294] . The list of pre-existing morbidities in CHIKV patients compiled from the literature can broadly be categorized as chronic respiratory, cardiovascular, immunological disorders, and Type 2 Diabetes. Further analysis of the literature on the relationship between pre-existing morbidities and the development of chronic sequelae could be explored in a systematic review to summarize the magnitude and confidence in any potential association that might exist.
Atypical chikungunya disease
Several studies described atypical and severe forms of chikungunya disease during both acute and convalescent phases, as well as chronic morbidities associated with CHIKV infection. Many articles from India reporting on epidemics from 2006 onwards frequently describe hyperpigmentation as an atypical observation during and after the infection [295] [296] [297] . A study from Venezuela described unexpected nasal skin necrosis in a few patients with severe chikungunya disease [298] . It remains unclear whether this atypical sign is linked to a particular mutation in the virus or to host genetics. Interestingly, observations from our results show that hyperpigmentation is always reported in individuals with darker skin. In addition to hyperpigmentation, we observed several reports of severe ocular disease associated with chikungunya, ranging from varied forms of uveitis and other manifestations, to complete blindness [299] [300] . Five studies described acute disseminated encephalomyelitis (ADEM) in CHIKV patients from India [256, [301] [302] [303] [304] . It remains to be determined if any pre-existing morbidity is associated with these outcomes. Other neurological complications were infrequently observed across early chikungunya outbreaks, however, Guillain Barré Syndrome (GBS) is a relatively new complication associated with CHIKV infection reported in the literature since the Indian Ocean Island epidemics of CHIKV [27, 156, 247, [305] [306] . A study on a chikungunya epidemic in French Polynesia reported an increase in the number of GBS cases [233] . These observations may be a result of larger epidemics with better reporting, or due to newly acquired genomic changes that contribute to higher virulence in the virus. ZIKV which often co-circulates with CHIKV has also been reported to be associated with GBS [307] .
Treatment
Management of chikungunya illness is predominantly supportive, with analgesics, steroids and NSAIDs that alleviate the symptoms of CHIKV rather than specifically target the virus. Chloroquine, an antimalarial, was often prescribed to manage CHIKV symptoms, even though its efficacy in alleviating symptoms during the acute phase of infection is questioned [260] . Some studies reported the use of antibiotics to treat CHIKV infections [30, [308] [309] [310] [311] , but their efficacy as an effective treatment option was not evaluated in any study.
CHIKV lineages and genomic plasticity
Many outbreaks in India have been linked to different CHIKV lineages [312] [313] . Since there is evidence for two separate virus introductions in Brazil with different lineages of CHIKV during the same epidemic period [21, 23, 314] , it is important to keep in mind that there may be a strong likelihood that this can also occur elsewhere. With many reports of co-circulating CHIKV, DENV and ZIKV [8, 249, 259] , it would be interesting to examine whether there is evidence for possible horizontal acquisition of genetic elements for virulence between co-circulating viruses in endemic areas. There has been a lot of research on CHIKV mutations and phylogeny for investigating the evolutionary relatedness of CHIKV isolates across epidemics in different geographical areas, as well as to identify genetic changes in the virus as it evolves over time. Many articles reported an important amino acid change in the EI outer membrane glycoprotein region of the virus with an alanine to valine substitution at position 226 [315] [316] . This mutation reportedly allowed the virus to gain Ae. albopictus as a new and highly competent vector to aid in its transmission more efficiently [317] . This mutation contributed significantly to the global expansion of risk areas for chikungunya and also highlights the plasticity of CHIKV and its potential to mutate, adapt and emerge or re-emerge in different areas. There is great concern that more selective mutations in the virus will facilitate its success in efficiently gaining more competent vectors and host reservoirs from invasive species [316] , and if this occurs, public health risks from CHIKV could increase globally. At the same time, there is also evidence of genetic stability in CHIKV isolates, where isolates that share a common origin but were collected over many years and in different regions maintained a high degree of identity [18, 318] . Several CHIKV mutations associated with adaptation and fitness were reported in the literature and are compiled in this ScR.
Burden of chikungunya disease
One of the challenges of estimating the true burden of CHIKV is due to a high proportion of asymptomatic and mild cases who may not seek medical attention. This underestimation can affect results for predictive models, mitigation strategies and other analyses that use surveillance data as inputs. Misclassification of chikungunya as dengue or zika infections could also occur as these infections are often co-circulating and share overlapping symptoms [7, [319] [320] , therefore prevalence results reported on the basis of clinical signs and symptoms should be considered with caution. A complete understanding of whether co-infections with CHIKV can lead to altered symptoms or sequelae is also required. One study reported evidence of possible sequential CHIKV infection [112] and more studies are needed to validate this.
CHIKV epidemics can result in great financial burdens to affected countries. The 2014 CHIKV epidemic in Colombia was estimated to cost at least 73.6 million USD and put an enormous burden on that country's economy [238] . It is imperative for countries at risk for CHIKV to have effective and efficient surveillance systems and mitigation strategies to alleviate the potential impact from future epidemics. The best way to mitigate public health risks from CHIKV is by preventing exposure to the virus through personal protective measures and the implementation of efficient vector control strategies to curb viral transmission.
Limitations of this study
This ScR was conducted by using rigorous and reproducible synthesis research methodology, however, it is possible that some articles were not identified by our search or search verification strategy. Excluding articles that were not in English, French, Spanish or Portuguese could contribute to potential language bias and may have resulted in an underrepresentation of some geographic regions in our results. The impact of these exclusions is unknown. The lapse in time between the updated search and the completion of the analysis for this study has certainly resulted in our inability to capture information from many recently published papers and is a limitation of our study. However, we believe that this limitation is offset by the rigour and thoroughness of our methodology and the included literature adequately represents affected areas around the world. We presume that the impact of missing research is minimal.
The articles used for data extraction and the dataset generated from this project mailto:are available in the DRYAD digital repository and can be accessed using the review link: DOI: https://doi.org/10.5061/dryad.qd65020.
Conclusion
In conclusion, this ScR identified and characterized all available literature on CHIKV and allowed us to capture important information from the many epidemic waves observed with CHIKV infection over time. We have reported important observations relating to trends in disease manifestation, long term sequelae associated with CHIKV infection, plasticity of the viral genome, important epidemiological characteristics, as well as characteristics of surveillance and monitoring programs typically used. In addition, our results describe the extent of research on treatment strategies, mitigation methods for preventing or controlling CHIKV disease and/or CHIKV vectors. Global evidence on treating and preventing CHIKV can be used to inform future public health initiatives. The ScR repository also includes a comprehensive list of research on important mutations that are potentially linked to evolution, adaptation and fitness of the virus. Within these results, knowledge gaps and areas with abundant research were noted. In-depth knowledge synthesis projects and a risk assessment project have used data generated from this ScR as inputs [321] [322] .
Results from this ScR can be used to inform policy-makers and researchers on the evidence base for CHIKV and point to where additional research is needed to close knowledge gaps. 
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